The 5 antisymmetric stretching vibration of 1 ⌺ g ϩ C 9 has been observed using direct infrared diode laser absorption spectroscopy of a pulsed supersonic cluster beam. Twenty-eight rovibrational transitions measured in the region of 2079-2081 cm Ϫ1 were assigned to this band. A combined least squares fit of these transitions with previously reported 6 transitions yielded the following molecular constants for the 5 band: 0 ϭ2 079.673 58͑17͒ cm Ϫ1 , BЉϭ0.014 321 4(10) cm Ϫ1 , and BЈϭ0.014 288 9(10) cm
I. INTRODUCTION
The study of pure carbon clusters has been an active area of research for many years. 1 Advances over the last few years in both theoretical and experimental techniques have made possible a detailed picture of the structures, bonding, and spectroscopic properties of these molecular species. However, a number of major challenges still remain. For example, a direct spectroscopic study of the cyclic isomers of small carbon clusters in the C 4 -C 20 size range has still not been accomplished, even though strong evidence for these ring structures has been obtained from ab initio theory 2 and ion mobility measurements. 3 Moreover, only a few of the many vibrational bands of the linear isomers in this size range have been characterized at high resolution, 4 providing, at present, only a qualitative picture of the vibrational dynamics and the potential energy surfaces for these molecules.
A number of experimental approaches have been used to study the structural and spectroscopic properties of linear carbon clusters. These include IR and ESR spectroscopy of carbon vapor trapped in solid Ar matrices, 1 negative ion photoelectron spectroscopy, 5 and direct infrared laser absorption spectroscopy. 4 The latter is the only technique which is capable of resolving the rotational fine structure that accompanies the vibrational transitions, and therefore provides the most direct experimental characterization of the structure, bonding, and vibrational dynamics. We have spent the past few years applying the laser spectroscopy approach to the study of pure carbon clusters in order to resolve some of the challenges that face this area of research. So far, several antisymmetric stretching vibrations for the linear isomers of C 3 -C 7 , 4,6-8 C 9 , 9,10 and C 13 ͑Ref. 11͒ have been analyzed. In addition, the bending vibrational dynamics of C 3 have been studied extensively using optical 12 and far-infrared 13 spectroscopy; while the bending modes of C 4 , 7 C 5 , 14 C 7 , 15 and C 9 ͑Ref. 10͒ have been studied indirectly by analyzing hot band transitions that accompany the antisymmetric stretch transitions.
The C 9 molecule is of particular interest since it is the largest carbon cluster for which the ground state structure is predicted to be a linear chain. Most of the theoretical work on C 9 and other clusters smaller than C 13 has been directed toward predicting the structures of the low energy isomers, the relative energies, and the vibrational spectra. Starting with the early HF calculations of Raghavachari and Binkley, 16 a wealth of theoretical results at ever increasing levels of sophistication, applied to increasingly larger systems have come forth. The most recent ab initio results on C 9 have been reported in two papers by Martin et al., which include calculations at the CASSCF ͑Ref. 17͒ and CCSD͑T͒ ͑Ref. 18͒ levels of theory using a cc-pVDZ basis set. The CCSD͑T͒ calculations represent the most sophisticated calculations performed on this molecule to date. Martin et al. have shown that the CCSD͑T͒ results give the most satisfactory agreement with available experimental vibrational frequencies of all theoretical techniques applied so far; however, due to the high cost of this approach, it can only be applied to systems smaller than C 10 . 18 Graham and coworkers also reported a theoretical study on C 9 in connection with their recent matrix experiments. 19 These calculations, performed at the HF, MBPT͑2͒, and CCSD levels using a 6-31G* basis set, were used to predict structural parameters and vibrational frequencies for various 13 C substituted isotopomers. Hutter et al. 2 and Martin et al. 20 have performed density functional calculations on C 2 -C 20 carbon clusters. In general, the structures and vibrational frequencies for the smaller ͑C 2 -C 9 ͒ clusters obtained by these methods are in good agreement with results obtained by the more sophisticated coupled cluster techniques.
The results of these theoretical calculations indicate that linear C 9 possesses three intense infrared active antisymmetric stretch vibrations, denoted as 5 , 6 , and 7 . Figure 1 shows qualitative nuclear displacements for these three bands which were obtained using a simple one-dimensional harmonic force field. The C 9 carbon cluster was first observed experimentally by FTIR spectroscopy of carbon clusters trapped in solid Ar. A vibrational band at 1998 cm Ϫ1 was observed in the matrix 21 and was later assigned as the 6 asymmetric stretch of C 9 based on Martin and co-workers' HF calculations. 22 The assignment was confirmed when this same band was observed in the gas phase at 2014 cm Ϫ1 by diode laser spectroscopy. 9 Subsequently, the ͑ 6 ϩ 11 ͒Ϫ 11 and the ͑ 6 ϩ2 11 ͒Ϫ2 11 hot band spectra were analyzed. 10 Since these transitions arise from the lowest frequency bending mode, it was possible to obtain information about the bending vibrational dynamics. Although there was some evidence for perturbations to these bending levels, it was found that C 9 could be characterized as a fairly well-behaved semirigid linear molecule, in contrast to C 3 and C 7 which show large anharmonicity in their bending coordinates.
More recently, Graham and co-workers identified an infrared matrix absorption at 1601 cm Ϫ1 as the 7 antisymmetric stretch fundamental of C 9 .
19 Assignment of this band was accomplished by observing singly 13 C substituted isotopomers and comparing the frequency shifts to the results of coupled cluster calculations. In this paper, we report the first experimental characterization of the 5 antisymmetric stretch fundamental band.
II. EXPERIMENT
Our laser vaporization-supersonic cluster beam apparatus and diode laser spectrometer have been described previously. 11 Briefly, a pulsed supersonic carbon cluster beam, produced by laser vaporizing a graphite rod in a He nozzle, is probed by 20-30 passes of a tunable infrared diode laser beam. Transient absorption signals are measured using time gated boxcar integration of the signal output from a HgCdTe photovoltaic detector. 20-40 laser shots are signal averaged for each 20 MHz frequency interval of the diode laser. For the present experiment, we have replaced the Questek excimer laser, which operated at 248 nm, with a 40 Hz Q-switched Nd:YAG laser. The 355 nm, third harmonic of the YAG is used for vaporization. The maximum pulse energy for this laser is about 250 mJ/pulse; however, we have found that the best signal to noise ratio of the absorption transitions is obtained when the Q-switch timing is adjusted for a pulse energy of less than 100 mJ/pulse. This optimum pulse energy is substantially lower than the 240-300 mJ/pulse that was used for the excimer laser. Due to its superior beam quality, the YAG laser can be focused more tightly onto the graphite rod. Therefore, less laser power is required to achieve the same laser fluence. This, along with the better reliability of the YAG laser, has greatly enhanced our experimental duty cycle.
The rovibrational transitions reported here were observed in the region of 2078-2080 cm
Ϫ1
. The frequencies of the transitions were measured by simultaneously scanning the spectrum of the OCS ͑Ref. 23͒ and the fringes of a 0.016 28 cm Ϫ1 free spectral range Ge étalon. A precision of less than 0.001 cm Ϫ1 can be achieved with this technique. The Doppler broadened transition linewidths were about 100 MHz due to the divergence of the planar molecular beam.
III. THE 5 BAND
Most of the gas-phase studies on pure carbon clusters that we have performed were guided by the results of vibrational spectroscopy measurements of carbon vapor trapped in solid rare gas matrices. While several matrix absorptions have been assigned using a combination of isotopic substitution, ab initio calculations, and subsequent gas-phase observation, there remain many unidentified absorption peaks in the matrix spectra. In particular, a clump of unresolved transitions, which can be deconvoluted into three peaks, appears in the region of 2080 cm
Ϫ1
. Recent ab initio calculations performed at the CCSD͑T͒ level by Martin et al. 18 indicate that two of these peaks are probably due to antisymmetric stretching modes of linear C 8 and C 9 . We have searched this region of the spectrum using our diode laser spectrometer, and have observed a large number of rovibrational transitions which arise from more than one vibrational band. One of these vibrational bands has been assigned as the 5 spectrum of linear C 9 in its 1 ⌺ g ϩ ground electronic state. The other bands have not yet been analyzed but will be the subject of a future paper.
A total of 28 rovibrational transitions were found to be assignable to the 5 band of C 9 . Typical experimental data along with a simulated stick spectrum are shown in Fig. 2 , and the frequencies of the observed transitions, along with the JЉ assignment, are listed in Table I . P-branch transitions up to JЉϭ14 and R-branch transitions up to JЉϭ42 were measured. As usual, the total number of transitions that could be observed was limited due to incomplete frequency coverage of the diode laser. Only even-numbered JЉ values are present in the spectrum due to the zero nuclear spin weights of the odd-numbered energy levels. The relative intensities of the observed transitions were simulated by assuming a Boltzmann distribution and a rotational temperature of 20 K.
A nonlinear least squares fitting routine was used to fit the observed transitions listed in Table I to the standard expression for the rotational energy levels of a linear molecule in a nondegenerate vibronic state,
Here . The observed ground state rotational constant is in excellent agreement with the value derived from the 6 mode. 10 Also, the observed nuclear spin weights are characteristic of a centrosymmetric linear carbon cluster in a nondegenerate vibronic state. Therefore, we have assigned this spectrum to the 5 fundamental vibration of C 9 . In order to improve the precision of the molecular parameters, we then analyzed the data from the 5 band in a simultaneous least squares fit with the 6 transitions of Ref. 10 . The residuals of the 5 transitions are shown in Table I , and molecular constants for the 5 and the 6 states are shown in Table II . From the coefficients of the correlation matrix, we find that upper and lower state parameters of both bands are independently determined. Table II also compares the molecular parameters with the latest ab initio calculations and matrix work.
Centrifugal distortion constants could not be independently determined for the ground state and the 5 excited state. Therefore, these constants were held fixed at zero in the least squares fit. The best fit, as judged by the root mean square deviation of the residuals, was obtained by fitting the centrifugal distortion parameters for the excited 6 state. These distortion constants are consistent with the values obtained in our previous study of the 6 band 10 and are of a magnitude that is characteristic of a semirigid linear molecule. Thus, the 5 band is predicted to occur at 2101Ϯ14 cm
. By comparison, the 7 band was predicted to occur at 1607Ϯ12 cm Ϫ1 using this method. Both of these results are in reasonable agreement with the values reported here and with the recent matrix study of Kranze et al. 19 Based on these calculations, Martin et al. concluded that one of the unresolved matrix absorptions in the region of 2080 cm Ϫ1 was due to the 5 band of C 9 . More recently, Martin et al. performed density functional calculations at the B3LYP level for comparison with the more costly coupled cluster results. 20 The aim of this study was to assess the feasibility of applying density functional methods to the study of carbon clusters larger than C 10 . After scaling the harmonic frequencies with known experimental values, these density functional calculations predict gas-phase frequencies of 2104Ϯ24 cm Ϫ1 for the 5 band and 1605Ϯ16 cm Ϫ1 for the 7 band. Again, these predictions are in accord with the recent experimental results, as well as with the coupled cluster calculations.
Krätschmer and co-workers recently recorded higher resolution spectra of carbon clusters trapped in solid Ar, in which the peaks in the 2080 cm Ϫ1 region were resolved. 24 Two of these peaks, occurring at 2074 and 2079 cm
, have intensities relative to the 1998 cm Ϫ1 6 peak that are consistent with our measured relative intensities ͑see Sec. V͒. Annealing the matrix from 15 K to 35 K causes the 6 peak to grow strongly. The peaks at 2074 and 2079 cm Ϫ1 also grow with annealing, but the intensity ratio of the 2074 cm Ϫ1 peak relative to 6 Low signal-to-noise ratio prevented the observation of the R(0) transition.
grows slightly more rapidly. Based on these considerations, we conclude that the Ar matrix peak at 2074 cm Ϫ1 is most likely due to the 5 vibration of C 9 . The matrix environment induces a red-shift on the vibrational band origins of linear carbon clusters relative to the gas phase values. For certain bands, this red-shift increases systematically with cluster size. 15 For example, the matrix red-shift for the 6 band of C 9 is about 15 cm
, which is the largest red-shift observed for the C 3 -C 9 series. However, assignment of the 2074 cm Ϫ1 peak to 5 would imply a red-shift of only about 6 cm Ϫ1 for this band. Similarly, the matrix induced red-shift of C 7 is 10 cm Ϫ1 for the 4 band, but only 5 cm Ϫ1 for the 5 band. Therefore, this red-shift is due, not only to the size of the cluster, but also to the nature of the vibrational motion. For both C 7 and C 9 , the largest red-shift corresponds to the most infrared active band. Because of the high spectral congestion in this region of the matrix spectrum, it is unlikely that assignment of these peaks could be achieved by measuring the red-shifts of isotopomer absorptions. Gas-phase observations will almost certainly be required to definitively assign these bands.
Table II also compares the experimentally determined ground state rotational constant with rotational constants calculated from theoretical equilibrium structures at various levels of theory. Martin et al. have pointed out that the CCSD͑T͒/cc-pVDZ calculations consistently overestimate the bond lengths of linear carbon clusters while CASSCF calculations tend to underestimate these values. 18 Density functional calculations, on the other hand, are found to most accurately reproduce the experimental rotational constants, at least for the smaller clusters, due to a fortuitous canceling of errors. 20 From the observed rotational constant, we calculate an average value of 1.278 63͑9͒ Å for the ground state CvC bond lengths in the C 9 chain. This value is characteristic of cumulenic double bonding.
IV. RELATIVE IR INTENSITIES
There has been considerable discrepancy between the IR intensities for the vibrational modes of C 9 calculated using various theoretical techniques. Table III shows the vibrational frequencies and the IR intensities of the 6 and 5 bands calculated at the HF, DFT, MP͑2͒, CASSCF, and CCSD levels of theory. We see, for example, that an anoma-TABLE II. Molecular parameters for the three observed asymmetric stretch vibrations of linear C 9 . The parameters for the 5 and the 6 bands were obtained using a combined least-squares fit of the 5 lously large value for the 6 intensity is obtained at the HF level, leading to a relative intensity for 5 of 0.01. 22 At the MBPT͑2͒ level, the 5 band was actually found to have a larger intensity than the 6 band. 22 Similar anomalous behavior was also found in the CASSCF calculations. 17 In order to alleviate some of these discrepancies, we have attempted to measure the relative intensities of the 5 and the 6 bands. Figure 3 displays the time profile of the HgCdTe detector output with the diode laser tuned to resonance with the R(12) transitions in the 5 and 6 vibrational modes. The intensities of the absorption transients have been scaled to account for the difference in laser power between the two frequencies; therefore, these intensities are proportional to the transmittance. If we compare the transmittance of 5 and 6 transitions that arise from the same lower rotational states, we can approximate the relative IR intensities for these two bands by measuring the ratios of the observed transmittance,
Here, I 0 is the initial radiation intensity, and I is the transmitted intensity. By setting the relative intensity of 6 equal to 1.0 and comparing the transmittance of the R(12) through the R(16) transitions of the two bands, we obtain a relative intensity of 0.108Ϯ0.006 for the 5 band. This value is in reasonable agreement only with the most sophisticated ab initio results ͑CCSD͒, an indication of the difficulty encountered in the calculation of IR intensities for molecules of this size. It is noteworthy that, at the CCSD/6-31G* level of theory, the absolute IR intensity of the 6 mode is extremely large ͑ϳ18 000 km/mol͒, as a consequence of the large dipole derivative for linear a molecule of this size.
V. DISCUSSION AND CONCLUSION
Carbon cluster research has been motivated in large part by a desire to understand the chemistry of the interstellar medium, soot formation in combustion systems, and the formation of fullerenes and carbon nanoparticles. It is becoming increasingly clear that linear carbon chains like C 9 play a major role in these chemical processes. Recent ion mobility measurements by Bowers and co-workers indicate that linear carbon cluster anions remain important components in the isomer distributions for clusters as large as C 30 Ϫ . 3 Our own study of linear C 13 also indicates the presence of metastable linear chain species over a large cluster distribution. 11 Lagow et al. recently showed that these carbon chains can be stabilized by reacting the ends of the chains with free radical capping groups. 25 Evidence was found for capped carbon chains with as many as 300 atoms. Interestingly, it was found that fullerene production in a laser vaporization apparatus was almost completely suppressed when these capping groups were present, leading the authors to conclude that the linear chains play a major role in fullerene formation.
Our infrared spectroscopy experiments on pure carbon clusters provide critical information, including precise structural data and vibrational frequencies, which can be used to elucidate the role of these species in fullerene formation and other chemical processes. Eventually, this may provide an in situ monitor of molecular carbon clusters in reactive environments. FIG. 3 . Time profiles of the IR detector output with the laser tuned to resonance with the R(12) transitions in the 5 and the 6 modes. The signal intensities have been scaled to the laser power at the two wavelengths. Timeϭ0 corresponds to the Nd:YAG laser pulse, while the position of the absorption transients corresponds to the transit time of the cluster beam to the probe laser. These signals were obtained by filtering the detector output with a 10 kHz high pass-100 kHz low pass filter and then amplifying with a gain of 10. The signals were recorded after averaging 64 laser shots with a digital oscilloscope. The relative intensities of these absorption transitions are proportional to the relative IR intensities of the 5 and 6 bands.
